Abstract: Core decompression is widely used to treat the early stages of osteonecrosis of the hip. The purpose of this analysis is to assist orthopedic surgeons in judging whether currently available data support the use of core decompression as cost-effective. A decision model was created for the treatment of osteonecrosis of the femoral head. Literature review was used to identify possible outcomes and their probability after initial treatment with either observation or core decompression. This model demonstrates core decompression must delay the need for total hip arthroplasty for a minimum of 5 years to maintain an incremental cost-effectiveness ratio lower than $50 000 per quality-adjusted life year gained. Treatment options with ratios higher than $50 000 per quality-adjusted life year are generally considered to have limited cost-effectiveness. This study demonstrates that core decompression has the potential to be a highly cost-effective alternative if it is leads to a delay in the need for total hip arthroplasty of 5 years or longer.
Osteonecrosis of the hip is a disease of impaired osseous blood supply that commonly affects patients in the third, fourth, or fifth decade of life. It can eventually lead to collapse of the femoral head and painful arthritis of the hip joint. Endstage osteonecrosis is treated with total hip arthroplasty (THA) and accounts for 5% to 12% of such procedures. Despite the clinical success of primary hip arthroplasty in this population, significant concerns persist about the long-term outcomes of younger patients undergoing prosthetic joint arthroplasty. These concerns underlie the widespread use of core decompression in the early stages of osteonecrosis, with the goal of delaying or preventing the need for hip arthroplasty [1, 2] .
The indications for core decompression have not been definitively established. There is significant variation in the published data regarding the efficacy of core decompression [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition, there is uncertainty regarding the optimal surgical technique for performing this procedure. These discrepancies have prevented the development of a clear consensus on the clinical use of this procedure. The goal of core decompression is to relieve pain and delay the need for THA. In this era of limited healthcare resources, it is essential to determine if surgical procedures are cost-effective. The purpose of this analysis is to assist orthopedic surgeons in judging whether currently available data support the costeffectiveness of core decompression in the treatment of early-stage osteonecrosis of the hip.
panel outlined an explicit set of recommendations in a reference case analysis. These reference case guidelines established a common set of standards to improve the comparability of cost-effectiveness analyses. Issues addressed in the reference case analysis include standard practices for framing and perspective of the study, identification of outcomes, estimation of costs, and testing of uncertainty [12] . This study was constructed adhering to these standards.
Consistent with the reference case guidelines, this analysis compares the cost-effectiveness of core decompression to the commonly accepted treatment alternative of observation in the early stages of osteonecrosis. This analysis assumes a target patient population seeking treatment of femoral osteonecrosis at the age of 40 years. The time horizon of this analysis encompasses the remaining life expectancy for this target population.
The cost-effectiveness ratios for observation and core decompression were analyzed from the societal perspective. The boundary of the analysis is limited to the costs and health effects directly impacting the target population. Estimates of costs, effectiveness, and the probability of various outcomes were obtained from literature review.
Literature Review
Literature review was used to construct the event pathways following observation and core decompression. A literature search identified 269 articles between 1978 and 2004 using the keywords osteonecrosis, decompression, hip, and outcome. Seventy-eight articles were identified as relevant to the treatment of osteonecrosis with either core decompression or observation. Fifteen publications were review articles and excluded from further analysis. The remaining articles were assessed on their quality. We excluded articles with fewer than 50 subjects. Additional criteria used to select articles included adequate reporting of magnetic resonance imaging staging and standardized surgical technique. A total of 11 studies were identified and selected for abstraction using these criteria. The abstracted data are included as Appendix A and list the study design, number of subjects, results, and complications reported in each reference.
Decision Model
Decision tree software (TreeAge Pro; TreeAge Software Inc, Williamston, Mass) was used to create a model for the treatment of femoral head osteonecrosis [13] [14] [15] [16] [17] [18] [19] . A simplified schematic of the decision tree is shown in Fig. 1 . The full decision model is included as Appendix B. The model begins with the decision for either observation or core decompression. Literature review was used to identify possible outcomes and their probability after each of these treatment alternatives. These event pathways were incorporated as branches in the decision tree. This model assumed a target population of patients seeking treatment of osteonecrosis at the age of 40 years. This age is consistent with the typical age at which core decompression is performed for osteonecrosis of the hip [1] . The time horizon of the model follows events through the remaining life expectancy of 39 years for this age group [20] . The event pathway for observation follows the clinical course of patients with early osteonecrosis and assumes that they become symptomatic and require THA after a 2-year period. This period is consistent with the natural history of osteonecrosis [1, 21, 22] .
The event pathways following core decompression were constructed following literature review. There has been a wide range of results reported on the efficacy of core decompression [3] [4] [5] [6] [7] [8] [9] [10] [11] . The clinical results abstracted from the literature review are summarized in Appendix A. A reference case was created and assumed a period of 10 years before the need for primary hip arthroplasty after core decompression compared with 2 years with observation. This assumption is consistent with the more favorable reports of the results of core decompression. The efficacy of core decompression in delaying hip arthroplasty for this duration has not been definitively established in the published literature. Given this uncertainty, the effects on the cost-effectiveness of core decompression of both shorter and longer assumptions for its efficacy are examined in the sensitivity analysis. The primary complication included in the model following core decompression is subtrochanteric hip fracture requiring operative intervention. This complication has been infrequently reported, but rates as high as 5% have been published [3] [4] [5] [6] [7] [8] [9] [10] [11] . An intermediate value of 2% was selected for the reference case, and sensitivity analysis was used to examine the effect of rates in the range of 0% to 5%. Subsequent events after observation and core decompression are modeled to include the potential need for hip arthroplasty and revisions over the lifetimes of the target population. Complications after hip arthroplasty include dislocation, infection, and death [23] . The decision model incorporates the need for subsequent hip revision surgery and the possible complications that can arise. The incidence of complications is assumed to increase with subsequent revision procedures, whereas the durability of revision arthroplasty is assumed to decrease relative to primary arthroplasty [24, 26, 27] . The probabilities of infection, dislocation, and mortality used in this model are shown in Table 1 . The rates of these complications were selected to fall in the midrange of estimates reported in the literature. Most studies have reported rates of infection leading to implant failure near the value of 1% used in the reference case of this study [25] [26] [27] [28] . Mortality and dislocation rates have not been as definitively established. The reference case of 0.5% for mortality is consistent with the low rates generally reported [29] . The dislocation rate of 2.5% used in the reference case is consistent with reports of large database studies [23, 27] . Sensitivity analysis was used to address the uncertainty of these assumptions for complication rates by examining the effect of higher and lower rates on the results.
Effectiveness
This study is a special case of cost-effectiveness analysis termed cost-utility analysis. Cost-utility analyses are differentiated by the fact that effectiveness is measured in units that incorporate a subjective measure of utility such as qualityadjusted life years (QALYs). The treatment of osteonecrosis has limited effect on survival but does result in significant changes in the quality of life of patients. The use of QALYs to measure effectiveness allows the survival of patients in different health states to be corrected for healthrelated quality of life using a utility factor.
Utility factors were assigned to all health states in the model to adjust survival for quality of life. The reference case guidelines define utility along a continuum with a factor of 1.0 representing perfect health and a factor of 0.0 representing death [12] . Specific utility values for each health state in this study were assigned following a literature review. Table 2 lists the health states included in the decision model along with their corresponding utility values. Large-scale studies have used questionnaires to establish utility values for a variety of health states. Arthritis has consistently been shown to have a utility value near 0.7 [30] [31] [32] [33] . Knee and hip arthroplasties have been shown to increase quality of life weightings close to normal values. Based on these studies, this analysis uses a utility value of 0.9 for successful hip arthroplasty. Revision arthroplasty is given a lower utility value to reflect the diminished clinical results compared with primary arthroplasty. The utility values used for resection arthroplasty and surgical complications were also identified in literature review.
The period after successful core decompression was assigned a utility similar to that of successful arthroplasty. This reflects the assumption that successful core decompression results in a wellfunctioning hip but does not completely restore normal utility. The ability of core decompression to control symptoms and maintain a high level of function has not been definitively documented in the published literature. To address this uncertainty, sensitivity analysis was used to examine the impact of both higher and lower utility values after core decompression on its cost-effectiveness.
Costs
Gross-costing methodology was used to estimate the direct lifetime treatment costs after both observation and core decompression [12] . This methodology relies on global Medicare charge and reimbursement data to approximate the direct costs for various procedures. Indirect costs such as lost productivity were not included in this analysis. The surgical interventions occurring in the decision model were assigned their appropriate International Classification of Diseases, Ninth Revision; diagnosis related groups (DRGs); and Current Procedural Terminology (CPT) codes. Gross cost estimates were then determined for short-term care hospitalizations and physician services based on charge and reimbursement data for these codes. The cost estimates are shown in Table 3 .
Gross cost estimates for short-term care hospitalizations were determined from mean hospital costs for the DRG associated with each intervention. Mean hospital costs were based on data from the Centers for Medicare and Medicaid Services reported for 1998 [34] . These costs are derived by applying Medicare cost-to-charge ratios to the data from the MedPAR data source [34] . The MedPAR data source is released annually by Medicare and provides cost estimates for each DRG. This study used the MedPAR data for 1998 pertaining to all US hospitals [34, 35] .
The gross costs for physician services were determined from mean Medicare reimbursement for the CPT code associated with each surgical intervention.
The mean reimbursement reported by the Centers for Medicare and Medicaid Services in 1998 for the Los Angeles, Calif, carrier was used. This global reimbursement includes preoperative care, surgical fees, and 90 days of postoperative care [36] .
Discounting
Cost-effectiveness analysis requires that all future costs and health consequences be discounted and stated in their present-day values. Discounting is performed to correct for the fact that costs that are deferred to the future are preferable to immediate expenditures. Costs and health effects were discounted in the reference case at a constant rate of 3% annually. Sensitivity analyses were conducted with discount rates of 0% and 5% [12, 13] .
Sensitivity Analysis
Sensitivity analysis was conducted to test the uncertainty of the reference case results. Costeffectiveness analysis combines information from several data sources to generate estimates of the probability of different outcomes and assign values to their utility and costs. Uncertainty about the true values of these underlying parameters results in uncertainty about the cost-effectiveness ratios generated in the reference case. Sensitivity analysis is used to determine the impact of varying the assumed values for key variables on the conclusions generated by the cost-effectiveness analysis.
Initially, cost-effectiveness ratios were calculated using the reference case assumptions for both observation and core decompression. Sensitivity analysis was then performed using different assumptions for the values of the underlying variables [12] . Several key variables were selected for sensitivity analysis. These variables included the delay in hip arthroplasty resulting from core decompression, the functional utility after successful core decompression, the incidence of complications after core decompression, and the incidence of complications after both primary and revision hip arthroplasty.
Results

Reference Case Results
A reference case was created that assumed that core decompression delays the need for THA for 10 years. Given the uncertainty of this assumption, the effects on the cost-effectiveness of core decompression of both shorter and longer assumptions for its efficacy are examined in the sensitivity analysis.
In the reference case, the pathway of core decompression is assumed to delay hip arthroplasty 
Sensitivity Analysis
Effect of Changing the Assumed Length of the Delay in the Need for THA After Core Decompression. The reference case assumes that core decompression delays hip arthroplasty for 10 years as compared with 2 years with observation in the early stages of osteonecrosis. Core decompression has not been definitively demonstrated to result in delays of this length. There are conflicting reports in the literature, with some authors showing delays of this length and others reporting results below this threshold [1, 2] .
Sensitivity analysis was used to evaluate the effects of varying the underlying assumption for the success of core decompression on its costeffectiveness ratio (Fig. 2) . The cost-effectiveness of core decompression decreases as its assumed ability to delay hip arthroplasty decreases. The costeffectiveness ratio rises to more than $25 000 per life year as the period of delay falls below 7 years. The $50 000 cost per life year gained threshold is passed as this period falls below 5 years.
Effect of Function After Core Decompression. The reference case assumes that successful core decompression prevents painful symptoms during the period it is delaying the need for primary arthroplasty. This control of pain is reflected in the high utility value of 0.9 assigned to patients during this waiting period.
Sensitivity analysis was conducted to model clinical situations in which core decompression does not perform well in mitigating the functional limitations caused by advancing osteonecrosis. The cost-effectiveness ratio of core decompression rises to more than $50000 per QALY gained when the utility during the period after the procedure and before conversion to THA is assumed to be lower than 0.86 (Fig. 3) .
Effect of Complication Rate After Core Decompression. Subtrochanteric hip fractures complicating core decompression have been reported infrequently, although some studies have shown rates as high as 5%. Sensitivity analysis demonstrated that the cost-effectiveness ratio rose or fell only slightly over the range of values from 0% to 5%. Even at an assumed fracture rate of 5%, the cost-effectiveness ratio of core decompression remained lower than $12 000 per QALY.
Effect of Complication Rates After Arthroplasty. The rates of complications after THA have been reported by several authors [23] [24] [25] [26] [27] [28] [29] . The assumed durability of hip arthroplasty and incidence of complications including death, dislocation, and infection were selected to be in the midrange of accepted values. Sensitivity analysis was used to examine the impact of using high-and low-range values for these variables. As the assumed complication rates after hip arthroplasty decrease, core decompression becomes a less cost-effective treatment option. This occurs because some of the cost-effectiveness gains from core decompression result from the delay or avoidance of the costs and negative health impacts that result from these complications. However, these effects were not large and did not alter the conclusions of this study. Even under conditions in which the complication rates of THA are assumed to be negligible, core decompression remained highly cost-effective with an incremental cost-effectiveness ratio lower than $13 000 per QALY gained.
Effect of Discount Rate. Analyses assuming discount rates of 0% and 5% in addition to the baseline assumption of 3% were conducted. These variations in the discount rate did not have a large impact on the cost-effectiveness ratios. A discount rate of 0% led to an incremental cost-effectiveness ratio for core decompression of $12 429 per QALY gained. A discount rate of 5% resulted in a ratio of $9620 per QALY gained. These ratios fall well below the threshold of $50 000 per QALY commonly used to judge procedures as moderately cost-effective [12] .
Discussion
The purpose of this analysis is to assist orthopedic surgeons in judging whether currently available data justify the use of core decompression of the hip as cost-effective. This study found core decompression to have the potential to be a highly cost-effective choice when it is assumed to successfully delay symptoms and the need for hip arthroplasty for 5 years or longer. This delay improves quality of life at a small additional cost by delaying the expense and risks for THA. However, these results depend on clinical outcomes after core decompression not yet demonstrated definitively in well-designed studies. Limited data exist in the literature documenting successful results in controlled trials at 5-and 10-year follow-up on patients that have undergone core decompression of the hip. Existing studies have indicated promising results that meet or exceed these goals after core decompression, but control groups are often inadequate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . More rigorous evaluation of core decompression is required to document its true efficacy and resulting cost-effectiveness.
The conclusions of this cost-effectiveness analysis are limited by the accuracy of the underlying assumptions used to design the model and assign values for effectiveness and costs. Sensitivity analysis demonstrated that the key variable that impacts the results of this study was the assumed duration that core decompression delays symptoms and the need for primary hip arthroplasty. In the reference case of our study, core decompression resulted in a cost-effectiveness ratio of $9551 per QALY gained when chosen over observation. This cost-effectiveness ratio compares favorably to other medical and surgical interventions. The cost-effectiveness ratio rises and the level of cost-effectiveness diminishes when the period of delay before hip arthroplasty is assumed to be shorter than the reference case assumption of 10 years. The cost-effectiveness ratio of core decompression rises to more than $50 000 per life year as this interval falls below 5 years.
Specific thresholds for determining favorable cost-effectiveness ratios have not been established. However, several authors have suggested that costeffectiveness ratios more than $50 000 per life year gained are indicative of interventions with limited cost-effectiveness [12] . An examination of THA demonstrated a cost-effectiveness ratio of $4600 (1991 US dollars) per QALY [37] . The authors Fig. 3 . Sensitivity analysis examining relationship between functional utility after core decompression and its incremental cost-effectiveness ratio.
concluded that this ratio supported hip arthroplasty as a highly cost-effective procedure. They cite examples of other medical interventions widely accepted as cost-effective, including coronary artery bypass grafting ($8100 per QALY). This study demonstrates the potential of core decompression to result in a similar level of cost-effectiveness when compared with observation if it delays the need for hip arthroplasty for a minimum of 5 years [12] .
Sensitivity analysis also highlighted the importance of the ability of core decompression to preserve hip function and its impact on costeffectiveness. The reference case assumes that the utility of patients after core decompression remains high before the need for hip arthroplasty. The published literature focuses on radiographic outcomes and does not thoroughly document the quality of life of patients after core decompression. Patients may have a gradual deterioration in function before they require THA. Sensitivity analyses demonstrated that when hip function is assumed to deteriorate during this period and result in utilities lower than 0.86, the cost-effectiveness ratio of core decompression rises to more than $50 000 per QALY gained and the cost-effectiveness advantages of core decompression become minimal.
These sensitivity analyses suggest that the costeffectiveness of core decompression is limited when it delays hip arthroplasty less than 5 years. The literature has established that patients with postcollapse osteonecrosis do not reliably achieve results above this threshold after core decompression. As a result, core decompression is likely to have poor cost-effectiveness in these cases of latestage disease. Patients with extensive femoral head involvement or a history of long-term steroid use are also likely to demonstrate clinical efficacy below these levels [3] [4] [5] [6] [7] [8] [9] [10] [11] . The use of core decompression in these subgroups is not supported in this analysis.
This study supports core decompression as a potentially cost-effective choice over observation in the early stages of osteonecrosis of the hip. This conclusion relies on the assumption that core decompression delays hip arthroplasty and prevents painful symptoms for a minimum of 5 years. Current data have not yet definitively shown in well-designed trials that core decompression predictably results in these levels of clinical efficacy. However, existing studies indicate promising results that meet or exceed these goals after core decompression in patients with small lesions who are not being treated with steroids [1, 2] . The cost-effective indications for continued use of this procedure in early-stage disease will be more clearly delineated when results above this threshold are documented in controlled long-term clinical trials. All articles have greater than 50 subjects, with the exception of the study of Aigner et al [4] , which was included based on having 45 subjects and meeting all other quality criteria. 
